Abstract: Ranolazine, a late inward sodium current and fatty acid oxidation inhibitor, may improve right ventricular (RV) function in pulmonary arterial hypertension (PAH); however, the safety and efficacy of ranolazine in humans with PAH is unknown. Therefore, we sought to (1) determine whether ranolazine is safe and well tolerated in PAH and (2) explore ranolazine's effect on symptoms, exercise capacity, RV structure and function, and hemodynamic characteristics. We therefore conducted a 3-month, prospective, open-label pilot study involving patients with symptomatic PAH (n = 11) and echocardiographic evidence of RV dysfunction. We evaluated the safety and tolerability of ranolazine and compared symptoms, exercise capacity, exercise bicycle echocardiographic parameters, and invasive hemodynamic parameters between baseline and 3 months of ranolazine therapy using paired t tests. Of the 11 patients enrolled, one discontinued ranolazine therapy due to a drug-drug interaction after 3 days of therapy. All 10 of the remaining patients continued therapy for 3 months, and 8 (80%) of 10 completed all study tests. After 3 months, ranolazine administration was safe and associated with improvement in functional class (P = 0.0013), reduction in RV size (P = 0.015), improved RV function (improvement in RV strain during exercise at 3 months; P = 0.037), and a trend toward improved exercise time and exercise watts on bicycle echocardiography (P = 0.06 and 0.01, respectively). Ranolazine was not associated with improvement in invasive hemodynamic parameters. In conclusion, in a pilot study involving PAH, ranolazine therapy was safe and well tolerated, and it resulted in improvement in symptoms and echocardiographic parameters of RV structure and function but did not alter invasive hemodynamic parameters. Pulmonary arterial hypertension (PAH) is a progressive disease of the pulmonary vasculature leading to increased pulmonary vascular resistance, elevated pulmonary artery (PA) pressures, and ultimately right ventricular (RV) dysfunction and failure.
Pulmonary arterial hypertension (PAH) is a progressive disease of the pulmonary vasculature leading to increased pulmonary vascular resistance, elevated pulmonary artery (PA) pressures, and ultimately right ventricular (RV) dysfunction and failure. 1, 2 Despite significant progress in the treatment of World Health Organization (WHO) group 1 PAH with pulmonary vasodilator therapies, 5-year mortality rates remain high. 3, 4 Furthermore, abnormalities in echocardiographic RV parameters have been associated with adverse outcomes in PAH, which may be related to the multifactorial pathophysiology of progressive RV dysfunction in PAH, which includes (1) RV ischemia due to altered right coronary artery blood flow in the setting of near equalization of aortic and RV systolic pressure in systole and increased RV diastolic pressure; 5 (2) metabolic abnormalities in the RV; 6, 7 and (3) the inability of the RV, a thin-walled structure accustomed to low PA pressures, to withstand the elevated afterload associated with PAH. 8 To date, no PAH-specific therapies have specifically and directly targeted RV ischemia and the altered RV metabolic substrate present in PAH. Ranolazine is an approved therapy for the treatment of chronic stable angina that is safe and well tolerated in patients with coronary artery disease. Recent evidence suggests that ranolazine (1) reduces calcium overload of failing myocytes through inhibition of the inward late sodium current (I Na ) and (2) inhibition of fatty acid oxidation. 9, 10 By ameliorating calcium overload, ranolazine may reduce RV diastolic tension and improve myocardial blood flow during diastole in the ischemic RV, thereby improving RV performance and contractility. This latter effect may increase stroke volume and cardiac output, which could translate into benefits in exercise capacity. Furthermore, inhibition of fatty acid oxidation, which is upregulated in RV hypertrophy, may improve RV workload and hemodynamics. In a rat model of PAH induced by monocrotaline, treatment with ranolazine attenuated the development of RV hypertrophy and RV systolic dysfunction, further supporting the potential therapeutic role of ranolazine in PAH. 11 We therefore investigated the feasibility and safety of the use of ranolazine in a prospective pilot study in patients with WHO group 1 PAH for a 3-month period with comprehensive assessment of symptoms, functional parameters, echocardiographic findings, and invasive right heart catheterization results. We hypothesized that ranolazine would be safe and well tolerated and would improve symptoms, exercise capacity, and parameters of RV structure and function.
METHODS

Study population
During the period 2010-2012, we screened all adult patients with WHO group I PAH who were being cared for at the Northwestern University Pulmonary Hypertension Program for entry into our single-center, open-label, single-arm pilot study of ranolazine. Patients were screened for eligibility during a routine pulmonary hypertension clinic visit using the following inclusion and exclusion criteria. Inclusion criteria included (1) fulfillment of the contemporary diagnostic criteria for WHO group 1 PAH, including mean PA pressure ≥25 mmHg, pulmonary capillary wedge pressure (PCWP) ≤15 mmHg, and no other causes of pulmonary hypertension or PAH (i.e., no significant left heart disease, lung disease, chronic thromboembolic disease, or miscellaneous causes of PAH, such as sarcoidosis); (2) WHO functional class II or III; (3) evidence of RV dysfunction as defined by RV fractional area change (RVFAC) <35% or tricuspid annular plane systolic excursion (TAPSE) <1.6 cm in accordance with the American Society of Echocardiography guidelines 12 or evidence of interventricular septal flattening, indicative of RV pressure and/or volume overload; and (4) stable doses of pulmonary vasodilator therapy (prostacyclins, endothelin receptor antagonists, and/or phosphodiesterase inhibitors) with no new therapy initiation or dose escalation >50% in the 4 weeks before randomization. Exclusion criteria included (1) history of epicardial coronary artery disease (defined as any coronary stenosis >50%; history of percutaneous coronary intervention or coronary artery bypass grafting; or abnormal noninvasive stress test results suggestive of myocardial ischemia in a coronary distribution); (2) WHO functional class IV symptoms; (3) history of complex ventricular arrhythmias requiring anti-arrhythmic medications; (4) corrected QT interval >500 milliseconds or history of QT prolongation (including congenital long QT syndrome) or receiving other QT-prolonging drugs; (5) history of hepatic dysfunction, including participants with WHO group I PAH due to portopulmonary hypertension; (6) current use of strong CYP3A inhibitors, which included bosentan; (7) severe or end-stage renal disease (estimated glomerular filtration rate <30 mL/min/1.73 m 2 ); and (9) women who were pregnant or lactating. In addition, participants were excluded if they were physically unable to undergo the study procedures, including the 6-minute walk test, exercise echocardiographic examination, and right heart catheterization. All study participants gave written, informed consent, and the institutional review board at Northwestern University approved the study.
Study protocol
Study participants initiated ranolazine therapy at a dosage of 1,000 mg twice daily at the baseline study visit and continued to receive the study drug for 3 months. Dosage reduction to 500 mg twice daily was allowed if the patient was experiencing adverse effects. Adherence to study medication was documented by pill counts done by the study coordinator at follow-up visits. Follow-up visits occurred at months 1, 2, and 3. Serious adverse events during followup were defined as a fatal or serious deterioration in health resulting in death, risk of immediate death, admission to the hospital and hospitalization >24 hours, disability or incapacitation, or intervention to prevent a life-threatening condition.
Study procedures included a clinic visit with physical examination, questionnaires, electrocardiographic examination, 6-minute walk test, exercise echocardiographic examination, and invasive hemodynamic assessment at baseline and at the 3-month visit. As stated above, clinic visits, with assessment of WHO functional class and determination of adverse events, were also performed at 1 and 2 months after initiation of ranolazine.
Assessment of symptoms and functional status
Study participants completed a quality of life and functional status questionnaire (Kansas City Cardiomyopathy Questionnaire [KCCQ]) 13 at baseline and at 3 months. All participants also underwent a standardized 6-minute walk test at baseline and at 3 months.
Exercise stress echocardiography
All study participants underwent comprehensive 2-dimensional (2D) echocardiographic examination with Doppler and tissue Doppler imaging (TDI) at rest and at peak bicycle exercise using a commercially available exercise ergometer (MPI; Medical Positioning, Kansas City, MO) at both the baseline and 3-month study visits. No medications were adjusted or held before exercise testing. A commercially available ultrasound system with harmonic imaging (Vivid 7; GE Healthcare, Waukesha, WI) was used for all echocardiographic examinations. Cardiac structure and function were quantified at rest and at peak stress as recommended by the American Society of Echocardiography. 12, 14, 15 Specifically, RV size, RVFAC, TAPSE, tricuspid regurgitation gradient, and RV strain (based on speckle-tracking analysis) were analyzed at rest and at peak stress during the baseline visit and the 3-month visit. Exercise capacity was recorded as both total exercise time and peak watts achieved. All echocardiographic measurements were made by an experienced research sonographer (blinded to clinical data and study outcomes). ProSolv 4.0 echocardiographic analysis software (FujiFilm, Indianapolis, IN) and EchoPAC (GE Healthcare, Waukesha, WI) for speckle-tracking analysis were used for echocardiographic quantitation, and all measurements were verified by a physician experienced in echocardiography. The 2D images of the RV were obtained at frame rates of 50-70 frames per second to optimize speckletracking analyses, which were performed after isolating the highestquality cardiac cycle; the endocardial and epicardial borders were traced at end systole in each view. Computerized speckle-tracking analysis was performed and border tracings manually adjusted to optimize tracking. Strain values were converted to absolute values for ease of display. Lower absolute strain values correlated with worse RV function. 16 
Cardiac catheterization
All study participants underwent right heart catheterization at baseline as a requirement for entry into the study, and follow-up right heart catheterization was performed at 3 months. Right heart and PA catheterization were performed from the right internal jugular vein approach using standard Seldinger technique under fluoroscopic guidance. Study participants underwent recording of invasive hemodynamic assessments (mean right atrial pressure; systolic, diastolic, and mean PA pressure [mPAP]; and PCWP) using a fluid-filled, 6F PA catheter (Edwards Lifesciences, Irvine, CA) and a properly zeroed pressure transducer. Pressure recordings were analyzed off line using a WITT Hemodynamic Workstation (Philips Medical Systems, Andover, MA) at a 50 mm/s paper speed with adjustment of pressure (mmHg) scale as needed. All hemodynamic pressure measurements were made at end expiration and in duplicate using a standardized measurement protocol by a physician blinded to all clinical data. Cardiac output was calculated using the thermodilution method, and pulmonary vascular resistance (PVR) was calculated as the transpulmonary gradient (mPAP -PCWP) divided by cardiac output. 17 
Statistical analysis
Baseline demographic, clinical, functional status, echocardiographic, and invasive hemodynamic assessment data were summarized for the entire study sample. Continuous data with a normal distribution were displayed as mean ± standard deviation, and categorical data were displayed as counts and percentages. Next, differences in KCCQ summary score, WHO functional class, 6-minute walk distance, echocardiographic parameters, stress echocardiography variables, and invasive hemodynamic assessments were compared between baseline and 3 months of ranolazine therapy using paired t tests. A two-sided P value <0.05 was considered statistically significant. Because the pilot study did not have any a priori statistical hypotheses for the primary end point, no sample size or formal statistical power analyses were conducted for this exploratory study. All analyses were performed using Stata version 10.1 (StataCorp, College Station, TX).
RESULTS
Baseline clinical and echocardiographic characteristics of the study patients
We prospectively enrolled 11 patients with WHO group 1 PAH with baseline clinical characteristics displayed in Table 1 . Mean age was 48 ± 13 years, and 73% of patients were women. Nearly half of the study participants were nonwhite. The etiology of PAH in the majority of patients (n = 9; 73%) was connective tissue disease, and the majority of those (7 [78%] of 9) had systemic sclerosis (SSc). Four patients had evidence of interstitial lung disease, and 1 patient had chronic obstructive pulmonary disease (lung disease severity was graded clinically as mild in all of these patients). None of the study participants had epicardial coronary artery disease (as required by the enrollment criteria); 7 of 11 patients underwent coronary angiography, which showed no significant coronary stenosis, and 4 of 11 patients underwent noninvasive stress testing, which showed no evidence of myocardial ischemia.
All patients were receiving stable pulmonary vasodilator therapy without dose adjustment over follow-up; as shown in Table 1 , almost all patients (91%) were receiving a phosphodiesterase-5 inhibitor. All study participants had either WHO functional class II or III symptoms at baseline. Heart rate and systemic blood pressure were within the normal range for the majority of patients. Table 2 summarizes the echocardiographic characteristics of the study cohort at baseline. The majority of participants had RV dilation, as demonstrated by increased RV basal diameter (4.9 ± 0.8 cm), RV length (8.6 ± 1.1 cm), and RV end-diastolic area (38 ± 12 cm 2 ). Furthermore, RV/LV maximum diameter ratio (measured in the apical 4-chamber view) was markedly increased at 1.4 ± 0.3 (normal value, < 0.67). RVFAC was reduced at 29% ± 11%, as was TAPSE (1.6 ± 0.5 cm), consistent with the enrollment criteria requiring evidence of RV dysfunction. Absolute RV global longitudinal strain was also reduced at 15.8% ± 5.2%.
Effects of ranolazine on symptoms and exercise capacity
All study participants who continued to receive the study drug for the 3-month period (n = 10) completed symptom assessment and 6-minute walk testing. WHO functional class improved over the duration of the study. Figure 1 demonstrates improvement in functional class over the course of the monthly follow-up visits. Of the study participants, 36% reported advanced functional class III symptoms at baseline with improvement in all patients to functional class I or II symptoms by 3 months of follow-up (P = 0.0013). KCCQ summary score did not change significantly after 3 months of ranolazine (baseline vs. 3-month ranolazine, 60.3 ± 19.7 vs. 64.2 ± 17.5; P = 0.37). Figure 2 displays changes in parameters of exercise tolerance. The 6-minute walk test distance demonstrated a trend toward improvement from 383 ± 60 m to 419 ± 80 m, although this change did not reach statistical significance (P = 0.09).
Of the 10 patients who received ranolazine for the 3-month period, 2 refused to undergo the end-of-study (3-month) bicycle stress echocardiographic examination or invasive hemodynamic testing. In the remaining 8 patients, exercise tolerance, as measured by exercise time (s) and exercise capacity (W), improved (Fig. 2) ; however, these changes also did not reach statistical significance (P = 0.06 and 0.11, respectively).
Effects of ranolazine on cardiac structure and function
Ranolazine had no effect on left-sided cardiac parameters, including LV volumes, LV dimensions, LV systolic or diastolic function, and LA size. We found that resting values of RV size (RV end-diastolic area, RV end-systolic area, and RV/LV maximal diameter ratio) all improved significantly after 3 months of ranolazine (Fig. 3) . Resting values of RV systolic function (TAPSE and RVFAC) also improved after 3 months of ranolazine. On speckle-tracking echocardiographic analysis of longitudinal RV systolic function, we found the difference between resting and peak exercise global longitudinal RV peak systolic (Fig. 4) . At baseline (n = 8), absolute RV longitudinal strain decreased by 1.4 percentage-units during exercise, indicative of worsening of RV function with exercise. However, after 3 months of ranolazine therapy, absolute RV longitudinal strain increased by 1.0 percentage-unit (P = 0.037), indicating a significant improvement in the ability of the RV to compensate for exercise-induced increases in RV afterload. Table 3 summarizes the invasive hemodynamic data obtained at baseline and after 3 months of ranolazine therapy in the 8 patients who underwent repeat cardiac catheterization at the end of the study period. We found no statistically significant differences in invasive hemodynamic data between baseline and 3 months of therapy with ranolazine. Consistent with the improvement in RV systolic function demonstrated on echocardiographic examination, invasively determined cardiac index increased from 2.54 L/min/m 2 at baseline to 2.87 L/min/m 2 after 3 months of ranolazine therapy, but this change did not reach statistical significance (P = 0.23).
Similarly, there was a reduction in pulmonary vascular resistance from 8.6 to 7.0 Wood units after 3 months of ranolazine therapy, but this change also did not attain statistical significance (P = 0.27). There were no significant changes in systemic blood pressure, heart rate, weight, or PA saturation over the 3-month period (P > 0.05 for all comparisons by paired t test).
Safety and tolerability of ranolazine
Given the possibility that ranolazine (an inhibitor of CYP3A isoenzymes) may theoretically increase plasma concentrations of CYP3A4 substrates, no patients receiving bosentan were enrolled in the study, because bosentan is a CYP3A4 substrate. In addition, none of the study patients were withdrawn from bosentan therapy for the purposes of enrollment into the study. Of the 11 enrolled patients, 1 patient reported symptoms of dizziness, leg weakness, and hand tremors; review of her medications revealed that she had been taking darifenacin (a CYP3A4 substrate), a competitive muscarinic receptor antagonist (for the treatment of urinary incontinence), but had forgotten to report this medication during the baseline visit. Because of the possibility of an interaction between ranolazine and darifenacin, ranolazine was discontinued (with complete resolution of neurologic symptoms), and the patient was withdrawn from the study. Of the remaining 10 patients, 8 (80%) tolerated the 1,000-mg twice-daily dose of ranolazine throughout the duration of the 3-month study period; 2 patients (20%) required a dose reduction to 500 mg twice daily due to adverse effects (severe constipation in 1 patient and myalgia in another patient), with complete symptom resolution after dose reduction. Adverse effects included constipation (30%), nausea (20%), headache (20%), and myalgia (10%; Table 4 ). No significant arrhythmias were encountered during the study period, and QTc monitoring revealed no significant prolongation during drug administration. No major adverse events occurred during the 3-month study period.
DISCUSSION
In a small, prospective, observational pilot study of patients with symptomatic WHO group I PAH, the addition of ranolazine was safe and well tolerated. Apart from a medication interaction effect (with subsequent discontinuation of ranolazine) in 1 study patient, there were no medication interactions or major adverse effects. Furthermore, ranolazine therapy was associated with an improvement in symptoms, with overall improvement in WHO functional class as well as positive RV remodeling, and with improvements in RV function at rest and during exercise.
In patients with significant PAH, the presence of RV ischemia is common as compensated PAH progresses to RV failure. 18 Normally, the RV differs from the left ventricle (LV) in its pattern of coronary blood flow during the cardiac cycle. The left coronary artery blood flow occurs primarily in diastole due to the lack of a pressure gradient between the aorta and the LV in systole, whereas right coronary blood flow occurs throughout the cardiac cycle, because aortic pressure is much higher than RV pressure during systole and diastole, thereby driving coronary blood flow continuously. In patients with PAH, however, as RV systolic pressure increases and begins to match aortic systolic pressure, there is no longer a gradient between the aorta and RV. Therefore, the RV, which is normally perfused throughout the cardiac cycle, only receives coronary blood flow in diastole. 5 Thus, in patients with advanced PAH, the RV becomes progressively ischemic as PA pressures (and RV pressures) increase, which results in further deterioration of an already vulnerable RV. Elevation of RV end-diastolic pressure also contributes to RV ischemia in these patients by impeding coronary blood flow in diastole, which is worsened with increased heart rate and reduced time in diastole during exercise. 5, 18 Although others have demonstrated that worse RV longitudinal strain at rest is associated with poor outcomes in PAH, we demonstrate, for the first time, improvement in RV longitudinal strain at peak exercise after 3 months of ranolazine therapy.
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Impaired RV function predicts clinical worsening in PAH more accurately than does the magnitude of elevated pulmonary vascular resistance. 22, 23 RV dysfunction is more prevalent in patients with SSc, 24 which was the etiology of PAH in the majority of patients Pulmonary arterial saturation, % 65 ± 9 Pulmonary vascular resistance, Wood units 7.4 ± 4.0
Note: Data are expressed as mean value (±SD) unless otherwise indicated. Baseline echocardiographic and invasive hemodynamic parameter data were measured for all 11 study participants, because all participants enrolled in the study completed baseline cardiac testing. A: late mitral inflow velocity; E: early mitral inflow velocity; e′: early diastolic mitral annular velocity; LV: left ventricle; RV: right ventricle; s′: peak systolic velocity.
a Measured in the apical 4-chamber view enrolled in our study (73%). It is important to note that the high proportion of patients with connective tissue disease in our cohort is a reflection of the PAH referral patterns at our center (in which the predominant etiology of WHO group I PAH is SSc) and differs from other PAH clinical trials, which have typically enrolled patients with idiopathic PAH. Furthermore, in SSc-associated PAH, mortality is higher and RV contractility may be lower secondary to RV microvascular dysfunction, rather than being attributable to a reduction in perfusion pressure due to PAH. 25, 26 Pulmonary vasodilators, such as prostacyclins, endothelin receptor antagonists, and phosphodiesterase inhibitors, improve exercise capacity in PAH and may indirectly improve RV function via afterload reduction, 27 but they have not been convincingly shown to directly improve RV function. On the basis of small studies in PAH, digoxin may be beneficial as an RV inotrope in PAH, 28 but it may increase myocardial oxygen demand. Currently, there are no treatments approved for PAH that directly improve RV function without increasing myocardial oxygen demand. Ranolazine is an approved medication for the treatment of chronic stable angina in patients with coronary artery disease. Ranolazine reduces calcium overload of ischemic and failing myocytes through inhibition of the late sodium current (I Na ). 9 These findings are based on data from a canine model that demonstrated ranolazine-induced improvement in abnormal repolarization and contraction in LV myocytes. 29 Furthermore, in isolated myocardium from failing human hearts, ranolazine improved LV diastolic parameters. 30 As stated above, we found no change in left heart parameters with ranolazine therapy in our study; however, this may be due to the fact that the late I Na current becomes more accentuated in diseased, ischemic cardiomyocytes. In PAH, because the RV is the site of injury, the RV is likely where the late I Na current is accentuated and where beneficial effects of ranolazine would be expected. Therefore, ranolazine could potentially ameliorate calcium overloaded RV myoctyes, which cause RV diastolic dysfunction. By reducing RV diastolic tension, ranolazine may improve myocardial blood flow during diastole in the ischemic RV, thereby relieving angina while simultaneously improving RV performance and contractility. This latter effect may increase stroke volume and cardiac output that could translate into benefits in exercise capacity.
In our pilot study, we found that administration of 3 months of ranolazine therapy, accompanied by stable background pulmonary vasodilator therapy, was associated with improvements in RV structure and systolic function both at rest and during exercise. Although there was a trend toward increased right atrial pressure by invasive hemodynamic testing at the conclusion of the study, these differences did not meet statistical significance; nevertheless, given the small sample size, evaluation of change in right atrial pressure will be important for future studies of ranolazine in PAH. In addition, ranolazine demonstrated a trend toward increase in invasively measured cardiac output, although this change did not meet statistical significance. These changes in RV structure and function after 3 months of ranolazine therapy were not associated with an improvement in KCCQ summary score, but they were associated with statistically significant improvements in WHO functional class and a trend toward increased 6-minute walk distance and exercise capacity, with an increase from 383 to 419 m (Δ = 36 m), which is similar to the magnitude of improvement in contemporary PAH clinical trials of phosphodiesterase inhibitors and endothelin receptor antagonists. [31] [32] [33] [34] The lack of consistent improvement across all measured functional parameters may be a result of our sample size and limited power to detect differences, or the inability of the KCCQ, which was developed for left heart failure, to demonstrate symptomatic differences in PAH. If verified in larger, randomized clinical trials, ranolazine and other late I Na inhibitors and fatty acid oxidation inhibitors may prove to be beneficial as agents for the direct improvement of RV function for PAH and possibly other (secondary) forms of pulmonary hypertension as well. In addition to its effects on the late I Na current, ranolazine has additionally been shown to inhibit fatty acid oxidation and activate pyruvate dehydrogenase (PDH) in perfused, normoxic rat models. 35, 36 RV ischemia triggers metabolic remodeling in the RV, which drives aerobic glycolysis with resultant impairment of energetics and reduction of RV function and results in a vicious cycle promoting ongoing RV ischemia. Aerobic glycolysis is upregulated, similar to cancer physiology, in PAH, specifically in the lung vasculature and RV, resulting from pyruvate dehydrogenase kinasemediated inhibition of PDH results in reduced contractility in the RV myocytes. 37 A small study of primary pulmonary hypertension in humans demonstrated marked upregulation of 18 Fluorodeoxyglucose accumulation in the RV free wall using gated positron emission tomography to support energy homeostasis limited by aerobic glycolysis, which was associated with the severity of RV pressure overload. 7 In an animal model of RVH induced by PA banding in adult Sprague-Dawley rats, fatty acid oxidation was increased in RV myocytes. 38 Administration of ranolazine for as little as 1 week enhanced glucose oxidation and resulted in reduced RV hypertrophy and improved RV function without causing QTc prolongation. 38 The high rates of fatty acid oxidation inhibited PDH, which has been demonstrated as another mechanism for the glycolytic switch in RV metabolism in PAH. This is further supported by the complete resistance of development of PAH in response to acute hypoxia in an animal model with absolute deficiency of the metabolic enzyme, malonyl-coenzyme A decarboxylase, resulting in fatty acid oxidation inhibition.
, highlighting an overall low-risk group. 33 Furthermore, the mean Registry to Evaluate Note: Data are mean value ± standard error. Baseline hemodynamic data differ from data given in Table 2 , because the data in this table are only for those participants who underwent both baseline and 3-month invasive hemodynamic testing.
Early and Long-term PAH Disease Management (REVEAL) registrybased risk score in the cohort was very low (2.5) with a predicted 95%-100% survival at 1 year. 34 The low-risk nature of the study patients may have occurred in part because of the requirement that patients be able to perform exercise during both the 6-minute walk test and bicycle stress echocardiogram. It is possible that sicker patients with PAH, who have more advanced RV dysfunction, would demonstrate even greater benefit from ranolazine than demonstrated in our study; however, additional studies are needed to fully explore the role of ranolazine in high-risk patients with PAH. Our examination of ranolazine in PAH was a pilot study to assess feasibility, safety, and tolerability of ranolazine in patients with WHO group 1 PAH. Larger randomized studies of ranolazine in PAH must be completed before ranolazine can be recommended for use in PAH. 10 In a small prospective, observational pilot study in WHO group I PAH, we have shown that treatment with ranolazine for 3 months demonstrated improvement in functional class and RV structure and function. Furthermore, ranolazine was safe overall and well tolerated. These findings are promising and support prospective randomized clinical trials of ranolazine (or related drugs) in PAH as an adjunctive therapy focused on ameliorating symptoms and directly improving RV function. 
